Monolithic silica columns and their use in high peak-capacity HPLC separations are reviewed. Monolithic silica columns can potentially provide higher overall performance than particle-packed columns based on the variable external porosity and variable through-pore size/skeleton size ratios. The high permeability of monolithic silica columns resulting from the high porosity is shown to be advantageous to generate large numbers of theoretical plates with long capillary columns. High permeability together with the high stability of the network structures of silica allows their use in high-speed separations required for a second-dimension column in two dimensional HPLC. Disadvantages of monolithic silica columns are also described.
Introduction
New separation media have been recently examined to achieve much higher efficiency than current materials to meet the need for the separation of very complex mixtures. Higher performance than obtainable by using particle-packed columns with common HPLC instrumentation has been realized by employing capillary electrochromatography, 1 ultrahigh pressure HPLC (UPLC), 2, 3 and the use of monolithic silica columns. 4 Monolithic columns have been attracting attention because of their potentially higher performance than conventional particlepacked columns under common operation conditions in spite of limited availability at present. Monolithic columns have been reported first with organic polymers, 5, 6 followed by silica columns prepared in capillary. 7 Conventional HPLC columns are packed with particles of micrometer size. Packing a high-efficiency column needs skill as well as packing materials with suitable properties. Columns having one-piece network structures are thought to be desirable, because it is sometimes hard to pack a high-efficiency column with particles having new surface modifications. There have been numerous reports on polymer-and silica-based monolithic columns for HPLC. Monolithic organic polymer columns have been reviewed in detail recently by Svec and by Eeltink, including their preparation methods and performance. [8] [9] [10] Monolithic silica columns have been reviewed with particular interest concerning their fundamental properties, applications, or chemical modifications. [11] [12] [13] [14] [15] In this review, the performance of current monolithic silica columns will be briefly discussed before describing examples of high-peak-capacity separations including 2D-HPLC using these monolithic columns.
Preparation of Monolithic Silica Columns
The greatest features of monolithic silica columns are one-piece structures consisting of skeletons and through-pores with a variable external porosity and through-pore size/skeleton size ratios that are impossible with particle-packed columns. Commercially available monolithic silica columns at this time include conventional-size columns (4.6 mm i.d., 1 -10 cm in length), capillary columns (50 -200 µm i.d., 15 -30 cm) , and preparative-scale columns (25 mm i.d., 10 cm). Monolithic silica columns possess three-dimensional network structures consisting of silica skeletons of 0.5 -2 µm diameter and through-pores of 1 -8 µm. [16] [17] [18] They are prepared by sol-gel reactions starting from tetraalkoxysilanes, namely tetramethoxysilane (TMOS) or tetraethoxysilane (TEOS). The preparation procedure was developed, and discussed in detail, by Nakanishi and coworkers. 11, 19 The characteristic cocontinuous structures of monolithic silica columns are produced by the spinodal decomposition of an initially homogeneous solution of tetraalkoxysilanes. They undergo hydrolysis and polymerization in the presence of acetic acid to form silica gel. By controlling the rates of hydrolysis and polymerization causing gelation and phase separation between the silica-rich phase and the water-rich phase, the sizes of the skeletons and through-pores can be varied. The domain size (combined size of the through-pore and skeleton, as indicated in Fig. 1 ) can be controlled by the concentration of a water-soluble polymer, namely poly(ethylene glycol) (PEG). Mesopores are formed in the silica skeleotns by a treatment with ammonia, introduced after the formation of a network structure of silica skeletons. Ammonia can also be generated by the hydrolysis of urea charged in an initial reaction mixture.
Monolithic silica columns can be prepared either in a test tube or in a fused-silica capillary tube. In the case of preparation in a test tube, silica network structures undergo shrinkage during the reaction and a subsequent aging process, typically to 70% of the mold size, [20] [21] [22] while in a capillary the silica skeletons are covalently attached to the capillary wall so that no void can be formed. The problem of shrinkage of skeletons, however, was not completely solved. Currently, a monolithic silica structure can be formed in a capillary of up to 100 µm i.d., starting from TMOS, while successful preparation of up to 530 µm i.d. capillary columns was reported, starting from a mixture of TMOS and methyltrimethoxysilane (MTMS). 23 For preparation in a test tube, the resulting silica monolith are heat treated and covered by PEEK resin to fabricate a column to be used under a pressure of up to 20 MPa. The columns showed a slight decrease in efficiency at high pressure. 24 A hightemperature treatment is commonly carried out at above 600˚C for preparation in a test tube, and at 330˚C for those in a capillary so as not to damage the polyimide coating of the fused silica capillary tube. A chemical modification of silica is carried out by an on-column reaction with octadecyldiethylaminosilane in a capillary. In the case of monolithic silica prepared in a test tube, batch modification prior to the cladding process is possible. Commercial octadecylsilylated (ODS) columns possess nearly maximum surface coverages with ODS groups, and are further endcapped. An improvement is still needed, because tailing of the peaks for amines was reported. 25 
Structural Features and Disadvantages of Monolithic Silica Columns
The monolithic silica columns currently available consist of silica skeletons of 0.5 -2 µm diameter and through-pores of 1 -8 µm. Those prepared in a test tube possess co-continuous spongy structures in contrast to polymer monolithic columns or silica particles commonly possessing corpuscular structures.
9,26-28 Figure 1 shows scanning electron micrographs (SEM) of monolithic silica prepared in a mold (Fig. 1a) and those prepared in a capillary (Figs. 1b -d) . 11, 18 Through-pores of a monolithic silica column are relatively large compared to those of a column packed with particles with the (through-pore size)/(skeleton size) ratio in a range of 1 -4, much larger than that in a particlepacked column, 0.25 -0.4.
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The skeleton size and throughpore size can be varied independently to some extent. The external porosity (porosity outside the skeletons) is about 60% for conventional-size columns prepared in a test tube, 29 and above 80% for those prepared in a capillary, 16 which are much greater than in a particle-packed column at about 40%. 28 The presence of mesopores of 10 -30 nm in silica skeletons were reported. The exclusion limit is not so clear as for a column packed with particles, while the presence of a break corresponding to a molecular weight of 20000 -30000 in a molecular weightelution volume curve for styrene standard in SEC was observed. 29 This is similar to silica particles having ca. 10 nm pores. Figure 2 shows plots of the through-pore size against the skeleton size of a column. 18 Monolithic columns possess much larger through-pores than a particle-packed column. The plots for monolithic columns prepared in a test tube describe two series of products, one with a nearly constant through-pore size and the other with a constant (through-pore size)/(skeleton size) ratio. Those prepared in a capillary possess even higher porosity. High porosity leads to a high permeability or a low 492 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 pressure drop, and a small skeleton size at a similar throughpore size can lead to a higher column efficiency than what could be expected from the pressure drop. An additional advantage of a monolithic silica column is increased mechanical stability provided by the integrated network structure, which allows elution at greater than 10 mm/s linear velocity of the mobile phase. Particle-packed columns often show problems in the permeability and/or in the stability of their packed bed at this range. A high porosity leads to a high permeability of a monolithic silica column, but the column is inevitably accompanied by a low phase ratio. The amount of silica existing in a column is less than in a particle-packed column, resulting in a smaller surface area of monolithic silica, which in turn results in a short retention. The k values found with monolithic silica-C18 columns were smaller than those with particle-packed columns by a factor of 2 -5 depending on the total porosity, 80 -85% for a conventional size column and 90 -95% for a capillary type column. The sample loading capacity, however, was reported to be not as small as expected from the phase ratio. 30 The loading capacity depends on the separation conditions, because the mobile phase can contribute to the capacity. For a 2nd-D column in 2D-HPLC, small retentivity is a clear disadvantage, because large volume injections need highly retentive columns for maintaining the column efficiency. Other possible disadvantages of monolithic silica columns include small internal porosity, resulting in a small range for size exclusion mode elution, the labor-intensive preparation of individual columns with possible reproducibility problems, and limited availability.
Chromatographic Properties of Monolithic Silica Columns
The high external porosity, uniformity of through-pores, and large (through-pore size)/(skeleton size) ratios can lead to a much higher permeability of monolithic silica columns than that of a column packed with particles of similar column efficiency. 30 For example, a Chromolith column provided by Merck shows specific permeability, K = 8 × 10 -14 m 2 , greater than that of a column packed with 5 µm particles by a factor of about two, and a plate height, H, of about 10 µm or smaller. 24 In Eqs. (1) and (2), u stands for the linear velocity of the mobile phase (Eq. (2)), η the solvent viscosity, L the column length, ∆P the column pressure drop, and t0 the column dead time. Capillary columns with large through-pores show up to a 30-times higher permeability, K = 1.3 × 10 -12 m 2 . 17 The relation between the particle diameter (dp) and the specific permeability for a particle-packed column is described by the Kozeny-Carman equation (Eq. (3), ε: external porosity). The equation indicates that the size of, and the cross section occupied by, the throughpores affect the permeability of a column. The external porosity is commonly 0.4 for a particle-packed column, while external porosities of 0.6 -0.8 were found for monolithic silica columns that possess larger through-pores compared to the skeleton size. High permeability is an important feature of monolithic silica columns, particularly for high peak-capacity applications.
While columns with a small domain size showed a high column efficiency and high pressure drop, those with a large domain size showed low pressure drop, and were suitable for fast operation or for the use in a long capillary column. column packed with 5 µm particles. However, the efficiency at high linear velocity was higher, and the pressure drop much smaller with monolithic columns. 31 The properties are presumably provided by small-sized silica skeletons, contributing to a small C-term contribution (Eqs. (4) and (5); Dm is the diffusion coefficient of a solute in the mobile phase; Cx is a coefficient for the contribution of each term). A Chromolith column having ca. 2 µm through-pores and ca. 1 µm skeletons shows H = 10 µm (N = 10000 for 10 cm column) at the nearly optimum linear velocity of 1 mm/s, while a 15 cm column packed with 5 µm particles commonly shows 10000 -15000 theoretical plates (H = 10 -15 µm). The pressure drop of the Chromolith column is typically half that of a column packed with 5 µm particles. The performance was described to be similar to 7 -15 µm particles in terms of the pressure drop and to 3.5 -4 µm particles in terms of the column efficiency. 30, 32 Figure 4 shows chromatograms, Fig. 5 the pressure drop, and Fig. 6 the column efficiency obtained with monolithic silica capillary columns having various domain sizes. Capillary columns showed extremely low pressure based on large through-pores. A correlation was found between the domain size and the attainable column efficiency as well as the pressure drop. The column efficiency and the pressure drop increase with the decrease in the domain size just like those of a particle-packed column determined by the particle size. The capillary columns showed a comparable plate height with a column packed with 5 µm particles, while the pressure was lower by a factor of 3 -4.
The total column performance, or separation impedance (E value in Eq. (6)), described as a function of the reciprocal number of theoretical plates (N) per unit pressure drop multiplied by the reciprocal number of theoretical plates per unit time (plate time), was about 10 times smaller than those of particlepacked columns (Fig. 7) . A 130 cm monolithic silica capillary column can produce more than 100000 theoretical plates, as shown in Fig. 3 . The small separation impedance, however, does not necessarily mean that monolithic silica columns outperform particle-packed columns in all separations. Although the performance of monolithic silica columns can be higher than that of particle-packed columns at a similar pressure drop in a slow-elution range, the performance for high speed operation could be lower than that of a column packed with particles. (One should take into account the time needed in addition to the column efficiency and pressure drop in order to describe the total performance of a column.) High porosity or large through-pores can be responsible for the reduced column efficiency at high speed due to the increased contribution of slow mass transfer in the mobile phase (the first terms in Eqs. (4) and (5)). According to a simulation study, monolithic columns can show an advantage over particle-packed columns for separations that require more than 50000 theoretical plates at a pressure limit of 400 bar.
Monolithic columns with a small domain size, especially those with high porosity prepared in the capillary, could not 494 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 produce the performance expected from a small domain size (Figs. 5 and 6). This is partly due to the increased inhomogeneity of the network structure of a monolithic silica column. The size and the distribution of through-pores might also be a factor. It has been suggested that an increase in the homogeneity of monolithic silica can increase the performance by several times. 34 The silica skeletons prepared in a test tube are smoother and more homogeneous than those prepared in a capillary (Fig. 1) . The inhomogeneity and large-sized throughpores seem to explain the lower performance of monolithic silica than a particle-packed column at a high-speed range, particularly for capillary columns. Improvements of preparation conditions to achieve more homogeneous structures with smaller domains, particularly smaller through-pores, are in progress. Small columns, especially the capillary type, are sensitive to extra-column band broadening. Injection and detection as well as line connection must be carried out carefully so as not to reduce the performance of small-sized columns by minimizing extra-column effects. 24 In a sense, each monolithic column is unique, or produced as the product of a separate batch, because the columns are prepared one by one by a process including monolith formation, column fabrication, and chemical modification. The reproducibility of Chromolith columns has been examined, and found to be similar to particle-packed silica-based columns of different batches. 35 Surface coverage of a Chromolith RP column appears to be nearly maximum, though greater silanol effects were found for basic compounds and ionized amines in buffered and non-buffered mobile phases than advanced particle-packed columns prepared from high-purity silica. 25 Small differences were observed between monolithic silica columns derived from TMOS and those from silane mixtures for planarity in a solute structure as well as polar interactions. 36 Monolithic silica columns with various surface modifications, including ion exchange, 37 and chiral functionalities [38] [39] [40] as well as protein-immobilized monoliths 41 have been reported. The latter will be an important part of an integrated multi-dimensional separation/identification system. Several reports have discussed the performance of reversed-phase materials in HPLC and in CEC. [42] [43] [44] [45] 
Increase in Separation Speed by Using Monolithic Silica Columns
High speed separation is desirable when one has many samples to be analyzed in a limited period of time. An increase in the flow rate is possible for monolithic silica columns, because they show higher permeability and higher stability against fast flow. Such an example is shown in the separation of pharmaceuticals, such as atenolol, pindolol, and metoprolol, in less than 1 min by using a flow rate of 9 mL/min for 4.6 mm i.d. column with a length of 10 cm. 46 Many examples can be found for an increase in the separation speed by using the high flow rate. However, an increase in the flow rate means the consumption of a large amount of solvents, unless smaller sized columns are used. Fast separations can be achieved using columns of higher performance, such as UPLC columns packed with 1.7 -2 µm particles. 47 Typical HPLC separation using a 15 cm column of 15000 theoretical plates produces a peak capacity 48 of about 80 -100 under isocratic conditions and up to 150 under gradient conditions in 1 h (Eq. (7): n, peak capacity; tR and t1, retention times of the last and the first peak of the chromatogram, respectively). In UPLC, a peak capacity of 300 -500 has been achieved under gradient conditions. 3, [49] [50] [51] An increase in the number of separated peaks per unit time can also be achieved by an increased separation speed made possible by monolithic silica columns. 52, 53 This has also been shown for peptides and proteins (Fig. 8) . 54, 55 n = 1 + ( )ln(tR/t1)
Shallow gradient elution using a long monolithic silica capillary column is an easy and viable approach to increase the number of separated peaks, or peak capacity, per unit time. In a LC-MS system, the use of a monolithic silica capillary column resulted in better resolution in LC, and the detection and identification of a greater number of peaks in MS. Figure 9 shows a comparison of chromatograms for the gradient elution of methanol extracts of arabidopsis thaliana using 30 -90 cm monolithic silica columns in a capillary. 56 With an increase in the number of theoretical plates by increased column length, a greater number of peaks has been resolved without much of an increase in the gradient time. The major factor for the improved detection/resolution seems to be a reduction of ion suppression. It is known that the less easily ionizable solutes in unresolved peaks tend to be suppressed from ionization. The small amounts of sample and mobile phase required in addition to compatibility with a nano-ESI interface are features of capillary HPLC. This was shown very nicely in a proteomic study using a 20 µm i.d., 70 cm monolithic silica capillary column providing a peak capacity of 420 in 4 h. 57 
Two-dimensional HPLC Using Monolithic Silica Columns
Recent biochemical studies, including proteomic or metabolomic analyses, often require the separation/identification of several hundred -several thousand species in a mixture using LC-MS. It is practically impossible to achieve complete separation for a sample with complexity of this magnitude by a single HPLC run. Such separation needs a separation system that can provide a very high peak capacity. As mentioned earlier, a monolithic silica capillary column can also provide the separation of several hundred species. 56, 57 Two-dimensional HPLC can potentially provide a high peak capacity, because the peak capacity of 2D-HPLC is theoretically a product of the peak capacities of the two systems (Eq. (8)). 
n2D-HPLC
The advantage of using long capillary columns was also shown in 2D separations. In one example, a monolithic silica C18 capillary column was used as a 1st-D column and connected with capillary electrophoresis (CE) in a metabolome study. 58 Although it was not a common 2D chromatographic system, it showed that gradient elution with a long monolithic silica capillary under a shallow gradient can result in a high peak capacity when coupled with fast 2nd-D separations.
Two chromatographic systems in 2D-HPLC should have a difference in the retention mechanism, preferably orthogonal to each other. Various combinations have been employed in the past, including ion exchange (IE)-reversed-phase (RP), RP-size exclusion (SEC), SEC-SEC, and RP-RP. In proteome analysis, the IE mode by using salt gradient elution at the first dimension (1st-D) is commonly followed by RP mode gradient elution to separate a very complex mixture of digested peptides. In a socalled shot-gun approach, a single column packed successively with ion-exchange and reversed-phase packing materials is commonly employed. 59 Several tens of thousands of peaks per day are processed to detect various proteins. The use of a long monolithic silica capillary at 2nd-D, resulting in increased detection/identification of proteins, was also reported. 60 In the examples mentioned above, both the 1st-D and 2nd-D HPLC systems were operated relatively slowly, because every fraction from the 1st-D eluted slowly is going to be separated in another relatively slow gradient elution to complete comprehensive separation. Sample storage loops or trapping columns may be used after the 1st-D column to hold every fraction. In fast and comprehensive on-line 2D-HPLC, the separation at 2nd-D must be very fast, to be completed within each fractionation interval at the 1st-D. Various approaches were taken in the past to alleviate the problem of slow elution at 2nd-D and to reduce the effect of large-volume injection; [61] [62] [63] [64] [65] (i) a small column was employed in 1st-D than in 2nd-D, (ii) the 1st-D column was eluted slowly or intermittently, or (iii) two or more sets of columns and chromatographs were used at the 2nd-D.
A simple 2D-HPLC system can be set up by connecting the outlet of 1st-D to the column or an injector loop of a 2nd-D chromatograph. The effluent of the 1st-D is fractionated at certain interval, and the fraction is injected into 2nd-D. While the next 1st-D fraction is loaded into the 2nd-D injector, the 2nd-D separation of the previous fraction must be completed. Such an operation scheme needs high speed separation at 2nd-D. Monolithic columns seem to be suitable as 2nd-D columns, because they possess high permeability, and relatively high efficiency at a high linear velocity of the mobile phase as well as high mechanical stability against fast flow. It is highly desirable to use short monolithic silica columns that can achieve high efficiency at high linear velocity.
Utilizing the difference in selectivity between a monolithic silica-C18 column (2nd-D) and another particle-packed column of C18 phase (1st-D), 2D-HPLC separation was shown mainly for basic compounds and other species. 66 The combination of normal-phase separation at 1st-D and reversed-phase separation on a monolithic-C18 column at 2nd-D was reported. 67 The use of a microbore column and a weak mobile phase at 1st-D and a monolithic column at 2nd-D was essential for successful operation. Improvements in the 2D-separation of complex mixtures of Chinese medicines were also reported. 68 The following are practical examples of comprehensive 2D-HPLC by using monolithic silica columns. Recent developments in 2D-chromatography are summarized by Majors from the view point of column performance. 69
6·1 RP-RP 2D-HPLC using two different columns
Simple and comprehensive 2D-HPLC was reported in a RP-RP mode using a monolithic silica column for 2nd-D separation. 70 Every fraction from the 1st-D column, 15 cm long (4.6 mm i.d.), packed with fluoroalkylsilyl-bonded (FR) silica particles (5 µm), was subjected to separation in 2nd-D using octadecylsilylated (C18) monolithic silica columns (4.6 mm i.d.,
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ANALYTICAL SCIENCES APRIL 2006, VOL. 22 3 cm). A monolithic silica column in 2nd-D was eluted at a flow rate of up to 10 mL/min with a separation time of 30 s that met the fractionation every 15 -30 s at the 1st-D operated at 0.4 -0.8 mL/min. In the simplest scheme of 2D-HPLC, the effluent of the first dimension (1st-D) was directly loaded into an injector loop (500 µL) of 2nd-D HPLC for 28 s, and 2 s were allowed for injection. From many 2nd-D chromatograms, a contour plot was obtained, as shown in Fig. 10 . The 2D plots indicate that several types of hydrocarbons and benzene derivatives were clearly distinguished from each other, for example polynuclear aromatic hydrocarbons (PAHs) with a planar structure from bulky aromatic hydrocarbons (Ar-Ar) having two or more phenyl groups. A group of compounds showed a similar behavior, determined by their relative affinity to the two stationary phases; thus, 2D reversed-phase HPLC can afford structural information of the solutes, especially when the separation mechanism on each stationary phase is known and widely different. When two monolithic silica columns were used for two sets of 2nd-D chromatographs separating each fraction of the 1st-D effluent alternately, fractionation every 15 s at 1st-D and a separation time of 30 s at 2nd-D were possible. The system produced a peak capacity of about 1000 in about 30 min.
6·2 RP-RP 2D-HPLC using two similar columns
Comprehensive 2-D HPLC can be carried out with two very similar columns in reversed-phase liquid chromatography. 71 In RPLC separation, which is usually dominated by hydrophobic interactions, the interactions between the solute and the stationary phases include instantaneous dipole-induced dipole interactions along with the contribution of polar interactions, depending on the structure of the stationary phases. Since each organic modifier undergoes different solute-solvent interactions based on the difference in the dipole moment, polarizability, and hydrogen-bond basicity as well as the acidity, RPLC using mixtures of water-tetrahydrofuran (THF), water-acetonitrile (CH3CN) and water-methanol (CH3OH) exhibits significantly different selectivities. 72, 73 In one example, a mixture of water and THF was used as a mobile phase in the 1st-D separation, and a mixture of water and CH3OH for the 2nd-D separation with a common C18 stationary phase. 2D-HPLC was carried out by using two monolithic silica C18 columns, a 10 cm column at 1st-D and a 5 cm at 2nd-D. 71 The flow rate of each dimension was 0.65 and 9.5 mL/min, respectively, with the fractionation time at the 1st-D of 45 s.
Gradient elution was employed in both dimensions. In the 1st-D, the THF concentration was increased from 15% to 30% linearly with a gradient time (tG) of 60 min, while in the 2nd-D, CH3OH concentration was changed from 30% to 45% linearly from 10 to 30 min. In the 2nd-D, each fraction from the 1st-D was separated under nearly isocratic conditions, because the separation time in the 2nd-D was only 45 s, which corresponds to about a 0.6% change in the CH3OH concentration for each separation. The results shown in Fig. 11 indicate that a reasonably orthogonal 2D chromatogram could be obtained by 497 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 gradient-mode elution with different organic modifiers using very similar columns in RP-RP 2D-HPLC. The system presented here seems to be very practical because any laboratory possessing two sets of HPLC equipment and two C18 columns can attempt similar 2D-HPLC by simply changing the mobile phase for the two dimensions.
6·3
Ion exchange-reversed-phase 2D HPLC using monolithic column at 2nd-D Fast and simple 2D-HPLC was also shown to be effective for the separation of tryptic digest of bovine serum albumin (BSA). 74 Every fraction from the 1st-D column, 5 cm long (2.1 mm i.d.) packed with polymer-based cation exchange beads eluted at 50 µL/min with a salt gradient, was subjected to separation in 2nd-D using an octadecylsilylated (C18) monolithic silica column (4.6 mm i.d., 2.5 cm) at 5.0 mL/min with an acetonitrile gradient in the presence of formic acid. The linear velocity in the column was 6.6 mm/s.
The loop at the 2nd-D HPLC was loaded with the effluent of 1st-D HPLC at 50 µL/min for 1 min 58 s; then, the injection valve was turned to inject the 100 µL fraction for 2 s into the 2nd-D HPLC at 5 mL/min, and turned back for the next loading, resulting in fractionation at the 1st-D every 2 min. The 2nd-D effluent at 5 mL/min was split by using a T-joint at approximately a 1/140 split ratio, resulting in a flow rate of ca. 36 µL/min going into the spray capillary for ESI-TOF-MS detection. Figure 12a shows the separation of a tryptic digest of BSA by the ion-exchange mode under gradient conditions in 1st-D, showing apparently overlapping peaks within 40 min. Figure  12b shows the total ion chromatograms for gradient runs at 2nd-D between 18 and 24 min. this may be an overly optimistic estimate, the results obtained in this work can be compared favorably in terms of the numbers of detectable peaks per unit time with the results obtained in other previous studies, including gradient elution using a long capillary column.
In the examples described above, an extremely high linear velocity was employed at 2nd-D, which needed a high flow rate, leading to large solvent consumption. Miniaturization of the system is highly desirable, especially at 2nd-D. In another 2D-HPLC separation of a BSA digest, a capillary-type monolithic silica C18 column (100 µm i.d., 10 cm, 1.6 µm through-pore size and 0.8 µm skeleton size) was employed as a 2nd-D column with split flow/injection following the 1st-D column, 5 cm long (2.1 mm i.d.) packed with polymer-based cation exchange beads eluted at 50 µL/min. 74 The split ratio of the flow and injected sample at 2nd-D was controlled to be 3/2000 with the flow rate in the capillary column being 3.0 µL/min and the solvent delivery at the 2nd-D pump being 2 mL/min. In this case, the capillary column was directly connected to the ESI spray capillary. The linear velocity in the 2nd-D column was 7.7 mm/s. The 2nd-D elution with the acetonitrile gradient was carried out in 3 min with the fractionation time at 1st-D being 4 min. The use of a capillary column at 2nd-D led to better MS detectability compared to a larger-sized column.
The loop at the 2nd-D HPLC was loaded at 50 µL/min for 3 min 53 s; then, the injection valve was turned to inject the 200 µL fraction for 7 s into the 2nd-D HPLC, and turned back for loading for the next 3 min 53 s, resulting in fractionation at the 1st-D every 4 min. Thus, ca. 300 nL or 0.15% of each fraction from 1st-D (200 µL) was introduced into the 2nd-D column of ca. 800 nL column volume. The peak capacity was much smaller than shown in Fig. 12 due to the longer fractionation time at 1st-D. It has been recommended to take at least 3 -4 fractions from one peak at 1st-D to preserve the separation. 75 Although a low flow rate was provided by splitting the flow after the injector, this rules out the injection of a very small amount of sample. It is desirable to develop a simple 2D-HPLC system consisting of two capillary columns with a short, efficient column at 2nd-D.
Summary
At present monolithic columns commonly provide a plate height, H, 10 -20 µm at a linear velocity of 1 -10 mm/s. The performance of monolithic silica columns available at present is higher than a column packed with 5 µm particles, but lower than the most advanced particle-packed columns, namely UPLC columns, especially at high linear velocity, as shown in Fig. 14 . The results shown in Fig. 14 indicate that monolithic silica columns outperform particle-packed columns for relatively slow separations (t0 > 100 s) to generate large numbers of theoretical plates (greater than 30000), although they cannot provide performance of columns packed with 2 µm particles or smaller at high-speed separations. The application of long capillary columns under gradient conditions is attractive, because such monolithic silica columns can be easily prepared by a sol-gel process. Monolithic silica columns that can provide high efficiency at high-speed separation, however, are yet to be developed. If we were able to use a UPLC column at 2nd-D of 2D-HPLC, we can increase the peak capacity considerably. It has been predicted that a peak capacity of 15000 can be obtained in 8 h by using a high-efficiency 2nd-D column and gradient elution at both dimensions in 2D-HPLC. 76 Reversedphase mode 2D-HPLC is easy to carry out, as shown in section 6·2. The development of various stationary phases bonded to monolithic silica columns of higher performance will make 2D-HPLC a separation tool of practical utility. Monolithic silica columns are complementary to polymer monolithic columns, which have been shown to be very promising for the separation of macromolecules as well as small molecules of biological interests. 77, 78 
